and have a separately exfoliated RuCl 3 flake, ∼5−25 nm thick, transferred on top 23 . The graphene surface is cleaned prior to placing the flake via a contact atomic force microscopy procedure 13 . A typical Hall bar device is shown in Fig. 1c before and after transferring the RuCl 3 flake. Surprisingly, we find the electronic transport of these devices-which at first glance is that of standard graphene-on-SiO 2 -nonetheless shows a strongly enhanced conductivity and clear signatures of two-band transport implying the RuCl 3 has been doped and become conducting; and moreover the resistance at low temperatures now exhibits features clearly associated with magnetic phase transitions. Most surprisingly, these features show a clear dependence on the gate voltage applied to the Si substrate.
The four-terminal resistance for two devices at zero magnetic field is shown in Fig. 1a and b vs both the back gate voltage, V g , and temperature, T . These data are reminiscent of typical graphene-on-oxide transport: a resistance maxima ("Dirac peak") appears as V g is swept, which is rather broad in Fig. 1a and narrow in Fig. 1b . All devices explored show similar behavior though with a range of Dirac peak widths lying between those shown here.
Additionally, the resistance exhibits a weak decrease with temperature consistent with a reduction in phonon scattering 24 .
The first signs of novel behavior appear in Figure 1d and e which contain constant temperature profile cuts from Fig. 1a and b, respectively, re-plotted as the conductivity, σ. For all traces, σ increases monotonically and often linearly with increasing gate voltage to either side of the conductivity minimum, σ min , which marks the charge neutral point (here σ min occurs at V g =+23 V and +5 V for D1 and D2, respectively). So far this is normal for graphene. However, σ min in every device is anomalously large, with values as high as 50 or 100 e 2 /h at T =3 K; the highest we have found is 167 e 2 /h. This stands in sharp contrast to the typical σ min =4−10 e 2 /h found in graphene-on-oxide devices, which is 10−20 times lower than we find in these g/RuCl 3 devices [25] [26] [27] . To directly verify this conductivity enhancement is due to RuCl 3 , we fabricated a longer Hall bar with one half covered by a RuCl 3 flake and the other by a flake of hexagonal boron nitride. By measuring transport through both halves simultaneously, the minimum conductivity of the RuCl 3 -covered portion was found to be 12 times higher than the hBN-covered half 13 . Indeed the conductivity is higher for all gate volt-ages, which we illustrate in Fig. 1f by plotting the Hall mobility µ = σ/(ne) for the 300 K (3 K) trace of Fig. 1d (e). These values are far larger than normally encountered in grapheneon-oxide devices. It is common to extract a "field-effect" mobility, µ = (1/α g e)dσ/dV g , by fitting the region where σ is linear in V g ; α g is the charge-gating efficiency of the back gate 13 .
The mobilities found by this method, when fitting between V g = − 40 and −20 V, are marked by the short thick horizontal lines. These latter values are smaller and more in line with expectations for graphene-on-oxide devices. Normally these two approaches to extracting the mobility will agree, but here the abnormally high conductivity of the device as a whole results in the larger Hall mobilities.
Such high values of conductivity are highly unlikely to result from disordered graphene alone, but the only other possible conductor is the RuCl 3 flake. This is of course unexpected since RuCl 3 is a Mott insulator and, accordingly, exfoliated flakes reveal insulating behavior like that found in the parent crystals [11] [12] [13] . However, strong electronic correlations underlie the insulating behavior in Mott systems, and will thus be sensitive to changes in screening e.g. by the presence of the metallic graphene layer nearby, or by charge transfer into the RuCl 3 . The latter case is plausible given the differing work functions of graphene, at 4.6 eV, and α-RuCl 3 , at 6.1 eV, which ought to drive a charge transfer of electrons into RuCl 3 when graphene is brought in contact 28, 29 .
As expected in a device with parallel conducting channels, the magnetoresistance and Hall coefficient data show signatures generic to multi-band transport 30 . Figure These data can be fit by a simple model of two-band transport. Taking the graphene density and mobility as inputs 13 , we obtain the fits shown in Fig. 2 which in turn yield the density and mobility of the second (i.e. RuCl 3 ) band. For the red data in Fig. 2b and c, two sets of density and mobility values are required to achieve good fits across the entire gate voltage range: for hole-doping of graphene, n R = 4.3 × 10 13 cm −2 and µ R = 1300 cm 2 /Vs, and for electron-doping n R = 8.9 × 10 13 cm −2 and µ R = 7200 cm 2 /Vs; a positive sign of n indicates electrons. In contrast for the orange data a single set of values n R = 3.7×10 13 cm −2
and µ R = 400 cm 2 /Vs produces the orange dashed lines. The values extracted from this simple two-band picture should be taken with a grain of salt, as the nominal requirement of isotropic, energy-independent scattering in two decoupled bands is unlikely to be rigorously met 30 . Indeed, the conductivity implied by fits to this model is σ R = n R eµ R = 61 e 2 for the orange data, but for the red data ranges from 230 to 2600 e 2 /h which is clearly not reasonable. Nonetheless the data clearly demonstrate that RuCl 3 in contact with graphene becomes conducting and responds to the applied gate voltage.
Bulk RuCl 3 is a zigzag antiferromagnet with T Néel = 7 or 14 K depending on the stacking order 31 . Meanwhile, it is well known that the electrical resistivity, ρ, can be impacted by magnetic transitions 32, 33 . In the literature on such "critical" resistivity, the shape of dρ/dT in the neighborhood of a magnetic transition is generically linked to the nature of the magnetism, e.g. a peak is associated with ferromagnetism with T Curie at the peak maximum, and a peak-dip structure is expected for antiferromagnets with T Néel at the dip minimum [34] [35] [36] [37] .
Thus in Fig. 3 we examine dρ/dT of the two devices studied in Fig. 1 , and find in both Charge neutrality is at the blue/red border, and the graphene density increases for traces farther away. The inset to d is a magnified view of the hole-side traces. The short black lines on the left axis show the location of dρ/dT = 0 for each trace. Note in d the remarkable swap of the dip and peak in the two largest amplitude traces, a feature also visible in f near V g = 5 − 10 V. b,e Color maps of dρ/dT for the same devices. Here the data at each constant V g value is normalized by the maximum value in the peak at the same voltage. This serves to highlight the evolution of the peak temperature vs V g , but hides the variation in amplitude. c,f Temperature values of the peak maxima (open circles) and dip minima (filled circles) in dρ/dT . For D1 (a-c) two peaks can be discerned when the graphene is hole-doped. In D2, the peak and dip swap places near the graphene charge neutrality point.
has yet to be theoretically discussed. We further note an intriguing ambiguity, namely the variations of dρ/dT may arise from either itinerant electrons in the RuCl 3 , and/or in the response of graphene charge carriers to proximity with the RuCl 3 . Distinguishing these effects will reveal much about the nature of interfacial magnetism in these devices. 
Methods
Single crystals of α-RuCl 3 were grown using a vapor transport technique from phase pure commercial RuCl 3 powder 7 . Devices consist of monolayer graphene on Si wafers with a 300-nm-thick surface oxide layer. The graphene is etched into a Hall bar pattern using a patterned polymethyl-methacrylate mask and an O 2 plasma, followed by standard thin film patterning for contacts made of 3/30 nm of Cr/Au. The graphene surface is then cleaned by sweeping with an atomic force microscope tip in contact mode, which serves to remove the remnant nm-thick layer of electron beam resist 13 . A flake of RuCl 3 , exfoliated from parent crystals onto separate oxidized wafers, is then transferred on top of the graphene 8 using a polycarbonate film stretched over a small silicone stamp. The RuCl 3 flakes range in thickness from 5−25 nm (∼10−40 layers) thick; prior Raman spectroscopy of flakes of comparable thickness give the same spectra as a pristine bulk sample 23 . All measurements were performed using standard low-frequency lockin techniques in a variable temperature cryostat with a 9 T magnet, with gate voltages applied to the Si substrates. The graphene carrier density was determined by known calibrations for the wafers used in these devices, n = 7.2 × 10 10 × V g cm −2 V −1 , and checked against the 2D density determined from analysis of Shubnikov-de Haas oscillations at moderate magnetic fields 13 .
